Abstract-We have conducted an electron microprobe study of minor element distributions among spinels from two type B 1 calcium-aluminum-rich inclusions (CAIs): Allende TS-23 and Leoville 3537-2. We show that by maintaining the petrologic context (edge, middle, and center of the inclusion plus their host silicate phase), four populations of spinels are resolvable based on their minor element contents. One population resides within the edge area (mainly mantle melilite) and is characterized by the highest V contents. Unlike Leoville 3537-2, many edge grains from Allende TS-23 also have high-Fe contents (up to 4.0 wt%) and lowCr values. Based on their V and Ti concentrations (which is positively correlated), middle and center grains define a trend that is divided into three populations: spinels enclosed by melilite, fassaite, and anorthite. The overall range in Ti concentration based on fractional crystallization should be much less than a factor of 2; however, the observed range is considerably larger. The minor element contents of these grains are interpreted as recording alteration, primary fractional crystallization, and a complex igneous history that may involve remelting and recrystallization. From our data, Allende TS-23 has experienc1:d more alteration than Leoville 3537-2, which is consistent with previous petrologic studies of silicates within these objects; yet both objects have likely been remelted (at least one additional melting event, possibly two, postdating the initial formation of these CAIs). By invoking a remelting history, the large range ir Ti concentrations and the different populations of spinels can be explained. Although our data sugge:jt that more than one generation of spinels exist within these objects, we are unable to establish any population of relic spinel grains that predate the initial melting event.
INTRODUCTION
Type B calcium-aluminum-rich inclusions (CAIs) are rocks found within carbonaceous chondrites. They are the oldest known igneous objects (-4.5 Ga; e.g., Chen and Wasserburg, 1981) and can contain evidence of short-lived radionuclide, such as 26A1. The precursors of these objects were likely the first solid planetary materials to condense from a gas of solar composition (Grossman, 1972; Yoneda and Grossman, 1995) . Through the study of these earliest of solar system materials, it is possible to reconstruct specific information concerning their formation environment and the processes that operated to produce and alter them.
Originating within our protoplanetary nebula as free-floating objects (Stolper, 1982) , many type B CAIs have not survived billions of years as completely pristine objects. They are commonly altered to varying degrees with veins of secondary minerals. The location and timing of the postcrystallization event(s) that distorted their igneously derived geochemical signatures is unknown. Furthermore, it has been suggested that some type B CAIs experienced multiple cycles of heating, melting, and crystallization (Davis and MacPherson, 1996; El Goresy et al., 1985; MacPherson et al., 1988; MacPherson and Davis, 1993; Meeker, 1995; Paque, 1990) , although understanding of this recycling is limited.
The mineralogy of type B CAIs is dominated by spinel + melilite + anorthite + clinopyroxene (Ti-rich member known as fassaite). Most scientific studies of these solar system materials have concentrated on understanding their formation or alteration by exploring silicates, compositional relationships between silicates and the bulk, and any deviation of silicate geochemistry from predicted values (e.g., trace element partitioning, etc.). Although studies of silicates has helped to illuminate the history of type B CAIs, systematic investigation into the minor element chemistry of spinel (MgAI2O4), thus unlocking the potentially unique memories that the spinel may have recorded, has not been performed.
For type B CAIs, spinel is the liquidus phase and thus should be the least sensitive to any petrologic complications (e.g., disequilibrium crystallization) that might occur during the later stages of crystallization. In addition, if relic grains exist in CAIs (e.g., Paque, 1990) , the most likely candidate is spinel. The maximum temperature experienced by type B CAIs has been experimentally constrained to be within the spinel + liquid field; thus if multiple generations of melting occurred, spinels from earlier generations may have survived. One potentially important method to identifying relic spinels or any alteration experienced by spinels postcrystallization is to establish their minor element concentrations and deviation of such abundances from fractional crystallization predictions. Herein we present new data on a study designed to explore the igneous and alteration histories of CAIs through the minor element distribution within and among spinels from two type B1 inclusions.
EXPERIMENTAL TECHNIQUES
Spinels from two well-characterized (MacPherson et al., 1984 (MacPherson et al., , 1988 Caillet et al., 1993) type BI inclusions were analyzed: Allende TS-23 ( Fig. 1) and Leoville 3537-2 (Fig. 2) . We selected areas from both inclusions based solely on position within the inclusion. For Leoville 3537-2, two areas are located within the mantle melilite, which we term edge area (excluding the WarkLovering rim), and two areas each were selected within the middle and center part of the object. A total of seven areas within Allende TS-23 were selected, three within the mantle melilite or edge areas (excluding the Wark-Lovering )rim), and two areas each from the middle and center part of the indusion. We did not investigate the Wark-Lovering rims because these almost certainly represent a secondary event. Within each area (e.g., Fig. 3) , a random selection of all spinels present were analyzed, for a total of 118 spinels from Leoville 3537-2 and 68 from Allende TS-23 (Tables 1 and 2 , representing only acceptable analyses). The petrographic context of each spinel grain was carefully documented. Attention was given to recording the condition (e.g., the presence of cracks, inclusions, etc.) of the spinels, their crystal form, the type of host silicate phases, the position of the spinels relative to any altered silicates or veins of alteration, and any major cracks that propagate within the inclusion. We also analyzed the host silicate phases in each area to provide a more complete petrologic context for our interpretations (Tables 3  and 4) .
Analyses and backscattered electron (BSE) imaging were carried out on the JEOL 733 five-spectrometer electron microprobe at Caltech. For spinels (all MgA1204 sensu stricto), major (Mg and FIG. 2 . Backscatter electron composite image of Leoville 3537-2. The areas used in our study are outlined in white and marked either Ed (edge), Mid (middle), or Cen (center). This object has been described in some detail by Calliet et al. (1993) . Al) and minor elements (Si, Ca, Ti, Cr, Mn, Fe, Zn, V) were analyzed with wavelength-dispersive (WDS) analysis, operating at an accelerating voltage of 15kV with a beam current as measured in the Faraday cup of 40 nA for major and 400 nA for minor elements. Counting times were 40 s for major elements and 120 s for minor elements. Silicate compositions (Mg, Al, Si, Ca, Ti, Cr, Mn, Fe, and V) were determined using WDS analysis operating at an accelerating voltage of 15kV with a beam current as measured in the Faraday cup of 40 nA and counting times of 40 s. Corrections for TiKp interference with VK, and VKp interference with Cry, were applied to all analyses. Standards were well-characterized natural and synthetic minerals. Because the grain size of spinels were small (rarely above 25 pm), the contribution from continuum secondary fluorescence is an issue, permitting only one analysis (within the center) per spinel grain. Data reduction was based on CITZAF1, version 3.04 (Armstrong, 1995); and only data with counting statistics errors of 4 0 % were included. Although analyzed, Mn and Zn were below detection limits of 100 and 170 ppmw, respectively, for all analyses and will not bt: discussed below. Silicon and Ca were included in our element list for spinel analyses mainly as an indicator to ensure that analyses were of spinels only, not overlapping onto silicate.
RESULTS

Overall Petrology of Inclusions and Their Spinels
Leoville 3537-2 was described by Caillet et al. (1993) . Our study is on the same thin section described in this paper. The object is a typical type B1 CAI, although its mantle melilite is not as well Allende TS-23 has been previously described and studied (Beckett, 1986; MacPherson et al., 1984; Simon et al., 1991) . It is a typical type BI CAI from Allende, containing a mantle mainly composed of melilite and a core composed dominantly of melilite, fassaite, and anorthite. Spinels are present throughout the inclusion, representing -18 vol% of the total thin section surface. This inclusion contains areas and veins of altered melilite typical of Allende inclusions (MacPherson et al., 1984 (MacPherson et al., , 1988 . The overall crystal habits of the spinels from Allende TS-23 are similar to those from Leoville 3537-2.
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Backscatter imaging of spinels within anorthite grains from both inclusions show that most of these grains have thin rims or halo rounding them (Fig. 4) . Perovskites are often associated with these rims, sometimes extending into the anorthite grains (brighter rims; Fig. 4a ). In backscatter images, some rims are darker than the anorthite but brighter than spinel. These rims are much more abundant or at least more distinct around spinels in Leoville 3537-2 (Fig. 4a ) than in Allende TS-23 (Fig. 4b) , with essentially all spinels in anorthite having rims. X-ray maps suggest that high Mg and minor Ca dominate these rims; however, they are too thin for quantitative analysis. Because anorthite is the last phase to crystallize, these rims may represent either the last drops of liquid or a reaction between the spinels and last liquid that is predicted to occur at some point in the crystallization history of these objects (Stolper, 1982; Stolper and Paque, 1986) .
Analyses of regions of silicate host phases immediately adjacent to the spinels were examined and are listed in Tables 3 and 4 .
Minor Element Concentrations in Spinels
The areas studied (Figs. 1 and 2) were chosen for their location within the inclusions; however, we will show that the petrographic context (e.g., the host silicate phases) is also important. We discuss our results in the form of interelement correlation plots for each meteorite separately, but with the same scales to simplify intermeteorite comparisons. All minor elements are represented by <5000 ppmw with the exception of Fe. No correlation exists between the size of the spinel grains analyzed and their minor element concentrations. Because of the high electron currents and long counting times, counting statistics errors are not significant for any of the plots and are not much larger than the size of the symbols (see Tables 1 and 2 ). Minor element data are for Leoville 3537-2 and Allende TS-23 are listed in Tables 1 and 2 . We focus here on Ti, Cr, Fe, and V abundances. Calcium concentrations are possibly subject to correction for continuum secondary fluorescence so are not discussed. Analyses with Si values above 1000 ppmw were eliminated from our data set because we cannot prove that such analyses do not represent contamination that is derived from an overlap of the beam with host silicates. We do not discuss the significance of Si concentrations below 1000 ppmw because, at least in part, such value may represent contamination from section polishing. Figure 5a shows that V and Fe are not correlated for Leoville 3537-2. Although there is some overlap, the distributions in V concentrations from the edge, middle, and center regions are relatively well resolved. Spinels from the edge region contain systematically higher V, yet a smaller range (2700-3700 ppmw) than the middle (1600-3200 ppmw) or center (1 500-2800 ppmw). The majority of grains have low-Fe contents of approximately 220-770 ppmw, with a sharp cutoff at 220 ppmw. The observed lower limit is not an analytical artifact (see Table 1 ) and may represent a measure of the primary Fe content of this CAI (as opposed to Fe added by secondary alteration processes). As with Leoville 3537-2, edge grains have the highest V concentrations ranging from 180-2770 ppmw and contain the largest concentrations of Fe (up to 4.4%), but low-Fe grains are also present in each of the three edge regions (as low as 300 ppmw). Spinels from the center and middle areas overlap significantly, but the lowest V grains are in the center regions
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Vanadium versus Titanium
Spinels from Leoville 3537-2 show a reasonable correlation between V and Ti for the center and middle areas, whereas most grains from the edge area plot as a separate group (Fig. 6a ). All grains with Ti > 3000 ppmw are inclusions in fassaite. If edge grains are restricted to those in (or between) mantle melilites, a discrete edge population results with V greater than about 2700 ppmw and Ti < 2300 ppmw. The center and middle areas have a much wider range in Ti (approximately 600-4200 ppmw) than the majority of edge area grains. The grains with both the lowest V and Ti are from the center.
In Allende TS-23 (Fig. 6b) , both Ti and V concentrations show a smaller range than in Leoville 3537-2. Taken independently, the center and most of the middle area spinels show a significant correlation, which is suppressed due to our requirement of having the same scale for a and b in Fig. 6 . As with Leoville 3537-2, Allende TS-23 edge spinels have the highest V concentrations.
Plotting grains according to their host minerals in Leoville 3537-2 (Fig. 7) shows that with some overlap, four different populations and at least two (possibly threi:) trends are distinguished. Grains from the middle and center areas that are enclosed by melilite (Fig. 7a ) define a positive slope distinct from grains within the edge area. The edge population may define another trend with a negative slope. Grains enclosed by fassaite (Fig. 7b) show a positive V-Ti correlation and define a compositional fie d essentially distinct from that of spinels in melilite. Spinels enclosed by anorthite (Fig. 7c) plot as a field intermediate between those of melilite and fassaite with the most restricted range in Ti (approximately 100&2600 ppmw) and V (approximately 190&2700 ppmw). However, the lowest concentration grains in all host phases are jimilar.
As observed in Leoville 353'7-2, the spinels from Allende TS-23 that are enclosed by melilite show a different trend than those enclosed by fassaite and anortht e (Fig. 8a,b) . The trends observed in Allende TS-23 are similar to those of Leoville 3537-2; however, those spinels enclosed in fassaite have different Ti and V concentrations than those of Leoville 3537-2, and the positive V-Ti correlation for spinels in fassaitc is not as well defined for Allende TS-23.
Chromium versus Titanium
In Leoville 3537-2, Cr s h o w a slight but significant negative correlation with Ti ( Fig. 9a) grains included in fassaite (high-Ti concentrations), the mantle melilite edge grains (edge grains <2100 ppmw Ti) define a distinct field. Unlike Ti, the compositional range for Cr in Allende TS-23 spinels (Fig. 9b) is greater than in Leoville 3537-2, and a stronger negative correlation is observed among center and middle grains with many grains showing 150&2000 ppmw Cr. Unlike Leoville 3537-2, there is a potential for two groups of edge spinels in Allende TS-23: one possibly similar to Leoville 3537-2 with a range in Cr concentration from approximately 500-1000 ppmw (much lower in Cr than the middle-center trend) and one plotting close to the Ti axis, with Cr < 1000 ppmw. Additional sampling, however, might show these two groups to be endmembers of one large, nearly vertical trend.
Chromium versus Vanadium
Chromium also shows a somewhat tight trend having a negative correlation with V in Leoville 3537-2 spinels ( (approximately 8OCL1400 ppmw, with one exception of -1 700 ppmw).
Iron versus Chromium
For Leoville 3537-2, the Fe-Cr field is quite restricted (Fig. 1 la) . For Allende TS-23, however, even excluding the striking population of low-Cr edge grains, the Fe and Cr concentrations are significantly more variable (Fig. 1 Ib) . Within the edge spinels from Allende TS-23, there is a suggestion of an anticorrelation: those grains with the highest Fe (4.4%) have the lowest Cr (450 ppmw). However, not all the edge area spinels in melilite have low Cr values. (Table 2) are approximately equal to the size of the symbol. As with Leoville 3537-2 (Fig. 7) , three differeni trends are formed from grains enclosed in melilite, and fassaite plus anorthitc:. Except for a better-defined fassaite trend in Leoville, both inclusions show the same groupings/trends. (Fig. 12a ), but none is observed for Allende (Fig. 12b) B is the octahedral site. By considering both charge and ionic radius, we expect Vt2, Crt2, and Fe+2 to substitute for Mg; whereas we expect Crt3, Vt3, Fe3+, Tit3, and Tit4 to substitute for Al. Although the precision of our data is very good, with the exception of spinel with the highest Fe values, the concentrations of all minor elements are still too low to distinguish true variations in their cation proportions from the analytical error in the major element data. For example, the maximum variation in Cr for Allende TS-23 ( Fig. 1 1 b) , if trivalent, would produce only a 0.3% decrease in the measured Al, which is approximately equal to the Al counting statistics standard deviation. In some spinels from Allende TS-23 (spinels with >1 wt% Fe), our data suggest that Fe is present within these Fe-rich grains as both ferric and ferrous, but complications due to variations in other minor elements prohibit quantitative proportions from being obtained. (Caillet et al., 1993) and some secondary calcite. It is generally accepted that enrichments of Fe within spinels from Allende type B CAIs occurred postcrystallization. In TS-23, we observe no correlation between Fe-rich spinels and their proximity to alteration veins. Grains with the highest Fe concentrations are found near the margins (Wark-Lovering rim) of the objects. Such grains were affected by a postcrystallization event that may not have been concurrent with vein alteration. The close proximity of these Fe-rich grains to the CAIs exterior suggest that this geographic location within the objects contributed to easier alteration of this area compared with the core, either by gas-solid exchange in the nebula or processes within a parent body.
DISCC'SSION
Our data show (Fig. 5) and center areas in Allende TS-23 may also be due to an alteration event, despite the lack of correlation between their proximity to veins of alteration and Fe abundances. It is also possible, however, that the primary Fe concentrations vary by an order of magnitude among type B CAIs. This is an alternative interpretation of the larger Fe contents in Allende TS-23 spinels.
The relatively narrow range of observed Fe concentrations for the majority of Leoville 3537-2 spinels is most easily explained by igneous crystallization, which is consistent with the overall unaltered appearance of Leoville 3537-2. Similarly, spinel grains with low-Fe concentrations (<1000, probably <600 ppmw) within Allende TS-23 may also be unaltered; however, differences in the bulk composition between Allende TS-23 and Leoville 3537-2 may compromise this conclusion.
Because Cr is a relatively volatile element, it is prudent to consider its origin from some postcrystallization alteration event.
As noted, the relatively tight distribution for Fe and Cr in Fig. 1 l a for Leoville 3537-2 is what we would expect if these grains were of igneous origin and unaffected by postcrystallization alteration. Excluding the edge area, the overall Cr concentration of spinels from Allende TS-23 is almost il factor of 2 higher than those from 3537-2 (Fig. 1 I) . There is no correlation of Cr and Fe in Allende TS-23 spinels. Thus, if the exccss Cr in spinels from Allende TS-23 is from postcrystallization alteration, the process is even more complex than previously recognized, possibly with the Cr and Fe introduced in different stages epochs). Alternatively, we cannot rule out the possibility that the higher Cr in spinels from Allende TS-23 could reflect differences between the bulk compositions of the objects and be of igneous origin.
A striking feature of Fig. 1 Ib is that many Fe-rich edge grains from Allende TS-23 have very low-Cr concentrations, which suggests that Cr may be preferentially removed as Fe is added. It is unclear to us how this would occur. If the higher Fe and Cr concentrations of the Allende TS-23 middle and edge spinels relative to Leoville 3537-2 are due to alteration (rather than bulk compositional differences), additional episodm of alteration might be indicated (e.g., nebula for the interior anc parent body only at the edge) with different behavior for Cr in each case. It may be simpler, however, to regard essentially all Cr as primery.
Although V is a refractory element, it is more volatile than Ti (e.g., Wasson, 1985) . Within some CAIs, V is highly concentrated in magnetites associated with Fr1:mdlinge (MacPherson et al., 1988) . Because magnetites within Frenidlinge are interpreted as secondary products, it is reasonable to a:sume that some postcrystallization process also produced their V Znrichments. The issue may be as simple as the V concentration within Fremdlinge magnetite may represent redistributed primary from the host CAI. Therefore, we should consider the possibility that V enrichments within spinels were produced after crystallization. If V is of secondary (external) origin, correlations between it, Fe, and Cr (elements also suspected to be introduced during alteration events) are expected. Our data, however, show that V is not correlated with Fe enrichments except for a few grains near the margin of Allende TS-23, which have high Fe and V (Fig. 5b) . Vanadium is also negatively correlated with Cr (Fig. lo) , which is very difficult to explain if both elements were secondary. The overall higher \' concentrations within spinels from Leoville 3537-2 likely reflect either real bulk compositional difference between the two inclusions or a sampling bias (e.g., we just did not measure enough spinels in Allende TS-23). We conclude that there is little evidence for V of secondary origin.
Expectations from Single-Stagc Fractional Crystallization
The large range in Ti conceritrations in spinels from both inclusions (a factor of 6 in Leoville 3537-2 and a factor of 3 in Allende TS-23) is interesting (Figs. 6 and 7) . We expect that if these CAIs crystallized at near-equilibrium conditions, almost no variation in Ti should exist. To interpret the :ignificance of our result, it is first necessary to review some impoflant facts concerning the crystallization history of type B CAIs.
The equilibrium crystallization sequence for an average type B CAI bulk composition is (in order of decreasing temperature) spinel-melilite-anorthite-fassaitc: (Stolper, 1982) , spinel being the liquidus phase. For cooling rates faster than -1 "C/h, the sequence changes to spinel-melilite-fassidte-anorthite (Stolper and Paque, 1986) . The reversal of fassaite and anorthite is interpreted to be due to the difficulty in nucleating anorthite. The fine grain size of spinel constrains the maximum temperature experienced by type B CAIs to below the liquidus (Wark, 1982; Stolper, 1982) . For 3 h heating times, the experiments of Stolper and Paque (1986) further constrain peak melting temperature to have been between 140(r1500 OC, the spinel + liquid field. Such peak temperatures produce euhedral melilite, higher temperatures producing dendritic textures not observed in natural materials. The experiments of Stolper (l982), Stolper and Paque (1986) , and Paque (pers. comm.) indicate the maximum amount of spinel crystallization is around 11-12%. Spinel crystallization ceases early, possibly when melilite appears, but by at most 50% total crystallization (compare also the crystallization models for Allende TS-23 given by Simon ef al., 1994). Spinels enclosed in anorthite are potentially important because these grains were likely in contact with liquid late in the crystallization history. Although not serrated, many of these spinel grains are more sub-to anhedral in form than those in fassaite or melilite, which suggests that they may have been reacting with the liquid either before and/or during anorthite crystallization (Fig. 4) .
Scenario 1-For the middle and center grains (Figs. 7 and 8) , there are several possible qualitative explanations for the positively correlated Ti-V trends and for the high Ti values. If we assume that both Ti and V are incompatible elements (V predominately as Vc2), then spinels with the lowest Ti and V concentrations are the firstformed. The total range of Ti and V concentration, however, should be very small (factor of 2 at most; comparable with Fe and Cr distributions for Leoville 3537-2, Fig. 10a ). We cannot explain the entire range of observed Ti (and V) based on a single crystallization history using this scenario. The observed ranges for Ti and V are considerably larger than expected for single-stage crystallization. In the light of this, we have no explanation for the tightness of the Fe and Cr distributions in Leoville 3537-2.
Scenario 2 (Version 2abWe assume that ( I ) Ti is incompatible, (2) V is slightly compatible, (primarily V 3 ) with D,,(V) z 1-1.5, and (3) spinel continues to crystallize throughout most of the coolinghystallization cycle. Assumption (3) does ignore the experimental evidence discussed above for a limited range of spinel crystallization, but it is appropriate to constructively challenge the experimental results. In this scenario, initially formed spinels would have the lowest Ti and the highest V, possibly similar to the highest V edge grains in Fig. 6 . As spinel crystallization proceeded, Ti became enriched and V slightly depleted in the melt, producing a trend with negative slope (Figs. 6 8 ) . However, once melilite began to crystallize, the high modal abundance of melilite would causes the bulk D for V to be significantly less than I . Melilite and spinel cocrystallization would produce a positive V-Ti trend, starting from the edge population. This is not observed, so it is unlikely that version 2a is the crystallization history of the objects.
Scenario 2 (Version 2bbRelative to version 2a, we assume (I) that V is highly compatible in spinel, and most importantly, (2) that spinel and melilite cocrystallize from the onset of crystallization. Although assumption (2) is in conflict with all CAI experimental studies to date, a reasonable description of the V-Ti trends can be obtained. For simplicity, we consider only the Leoville 3537-2 data. As shown in Fig. 13 , the first spinel to crystallize would have the composition indicated by point A. Continued spinel + melilite crystallization would produce the AB trend. Observed fassaite zoning patterns (Simon et al., 1991) show that once fassaite appears, the bulk D for both V and Ti are >I. Thus, once fassaite began to crystallize at point B, the liquid would become depleted in Ti (assuming this to be highly compatible in fassaite), and somewhat less depleted in V (assuming moderate compatibility in fassaite). A trend would be produced with an apparent positive correlation, but with the last crystallizing spinel having the lowest V and Ti. The trend for the middle and center spinels ( 
bias exists ( i e . , we simply did not sample a location in the inclusion containing these grains). Table 5 shows the required partition coefficients for V and Ti to reproduce the Leoville 3537-2 data with this model. These cannot be ruled out with experimental data to date. Several major problems exist with scenario 2b. For Leoville 3537-2, the highest Ti grains are inclusions within fassaites, and a large fraction of the lowest Ti grains are within rnelilites. Scenario 2b predicts that spinels located within fassaite should have the highest Ti values, and they do. Assuming that significant amounts of melilite continue to crystallize after fassaite appearance, however, there should be some spinels within melilite coexisting with fassaite in the middle or center regions that shows the high-Ti part of the BC trend, but none is observed. We should not find high-Ti spinels only in fassaite. We are willing to assume that a sampling problem may exist to explain why no spinel with high-Ti values exists within melilites (the high-Ti end of the AB trend), but this appears an unlikely explanation for melilite with spinels on the BC trend. The BC trend melilites with high-Ti spinel inclusions should coexist with fassaite. It is unreasonable that we would have missed them. It is possible that subsequent to fassaite appearance, additional crystallization of melilite is small. However, making this assumption leaves the low-Ti,V spinel inclusions in the middle and center melilites unexplained.
Depending on the efficiency at which fassaite and cocrystallizing melilites enclose spinels, scenario 2b also predicts that spinels enclosed in anorthite should have a range of Ti and V values (anorthite is the last phase to crystallize), but this is not the observation. In addition, assuming that mantle melilite crystallized from the outer surface inwards (MacPherson et al., 1988) , we would expect to see some spinels that were the first to crystallize (high V with a range of Ti) within the center and middle areas as they would have been pushed towards the center, but we do not. Although not completely impossible, scenario 2b has considerable difficulties and formation of these objects appears more complex than a single-stage fractional crystallization model.
Edge Spinel Grains and Fractional Crystallization-Given the problems of scenario 2b, an alternative way to account for the edge grain compositions in a fractional crystallization model is to assume that the high-V edge spinels represent a relatively small amount of compatible trivalent V partitioning into spinel, with the V-Ti correlation for the middle and center areas being a consequence of the incompatibility of all Ti and divalent V. This would assume that there is no external 0 fugacity buffer in effect during crystallization, thus conserving the initial amounts of tri-and divalent V. There is no evidence for divalent V in silicate minerals or liquids, although it is well characterized in the laboratory (Greenwood and Earnshaw, 1985) . Our discussion has also assumed that both tri-and tetravalent Ti is incompatible in spinel. Overall, this model alone still cannot account for the range in Ti concentrations; however, it could explain the edge grain populations, ignoring those of the middle and center regions.
Reequilibration of Spinels during Fractional Crystallization
The above discussion assumed that spinel minor element compositions would be governed by fractional crystallization. If reequilibration during crystallization were total, a relatively restricted compositional range would be expected, in contrast to the big variations observed. A morl: plausible scenario, however, is one in which spinels that are in contact with liquid equilibrate rapidly with changes in liquid composition during cooling, but their composition is frozen once they are incorporated as inclusions. This reequilibration model would prcduce a trend starting at A going to B during melilite crystallization and then from B to C subsequent to fassaite appearance (Fig. 13) , analogous to scenario 2b above. But unlike scenario 2b, this model can explain why spinel inclusions in melilite show a range in Ti and V beyond expectations for singlestage fractional crystallization without ignoring experimental results on the limited range of spine crystallization. An increasing V concentration in spinel inclusions in melilite with increasing Ak content would be expected, rtpposite to what is observed. In contrast, Figs. 7c and 12a can be explained with the lowest Ti spinels corresponding to the latcst crystallizing phases. The lack of spinel inclusions in melilite corresponding to the high-Ti parts of both the AB and BC trends in Fig. 13 , however, causes the same serious difficulty for this model as for scenario 2b. Furthermore, this model offers no explanation for the edge grains in Fig. 7a , and these would have to be regarded as relics.
Possible Effects of Disequilibri um Crystallization
(a) Inhomogeneous Titanium Distribution in the LiquidHigh-Ti regions of an inhomogeneous liquid might increase the appearance temperature of fassaite to the point where locally formed, Ti-rich spinels were preferentially incorporated in fassaite. If most spinel forms prior to fassaite, a correlation between local fassaite Ti and spinel Ti would not be expected, contrary to observation (Fig. 12) . If the liquid inhomogeneity is the consequence of remelting, alternatives (a) and (e) are the same and are discussed below. If the initial liquid is postulated to retain inhomogeneities reflecting differences in dissolution rates of the solid precursor grains, a relatively rapid cooling rate is needed to maintain the liquid compositional inhomogeneities. Upper limits to cooling rates are set by (1) the lack of dendritic or skeletal melilite (Stolper and Paque, 1986) , (2) the absence of residual glass for Leoville 3537-2 (because of alteration veins in Allende TS-23, residual glass cannot be ruled out for this inclusion), and (3) the apparent absence of melt inclusions. It is probably unlikely that Type B CAI cooling rates are slow enough to meet these constraints, and simultaneously, fast enough to maintain the required liquid heterogeneities. In the absence of direct experiments, however, this alternative cannot be completely ruled out.
(b) Contributions from Slow Perovskite Dissolution-Alternative (b) is a special case of (a), focusing on perovskite, a plausible precursor phase of CAIs. In order for slowly dissolving perovskites to contribute to the observed distribution of Ti in spinels, cocrystallization of fassaite and spinel must be assumed. This assumption ignores existing experimental evidence to the contrary. The dissolution of perovskites must also be timed just correctly for a spinel to sample the enriched Ti-liquid and then be trapped in fassaite rather than melilite, a phenomena that seems highly unlikely. Overall, we find this alternative implausible.
(c) Subsolidus Increases in Titanium-Subsolidus increases in Ti by postcrystallization heating could potentially explain the highTi concentrations in spinels within fassaite and cannot be completely ruled out. It is not obvious, however, that Ti would diffuse from the fassaite into the spinels where it is found in minor amounts and incompatible compared to the fassaite. It is more likely that Ti would diffuse from the spinels to the fassaite during a long period of subsolidus heating.
(d) Relic Spinels-We define relic spinels as either a condensate or a spinel that formed in a previous generation of CAIs ( i e . , a grain that existed prior to the original melting of these inclusions). In either case, the relics must be somehow incorporated into the precursor solids from which the observed CAIs formed. Potential relic melilite and fassaite grains have been identified (Paque, 1990; Meeker, 1995) in CAls; however, the most likely candidates for relic grains are spinels. Spinel is the only major phase stable at the inferred maximum temperatures from which the observed CAls formed (Stolper, 1982; Stolper and Paque, 1986) .
Without any compositional constraints on what defines a relic spinel grain, it could be argued that all spinels with compositions that cannot be understood through a fractional crystallization model are relic. Somewhat surprisingly, even with this broad definition of a relic grain, it appears a relic origin for many of the studied spinels from Allende TS-23 and Leoville 3537-2 is improbable. Although the distribution of relic grains might not be completely random, it would be very unlikely to find a compositionally coherent population of relic grains preferentially concentrated in specific phases, especially a late crystallizing phase such as fassaite. The preceding argument does not necessarily apply to the edge grain populations, and therefore, these could be relic grains. It would be plausible to find relic grains trapped preferentially in the first melilite formed, which are likely within the inclusion's mantles. If edge spinels are relic grains, we would not expect to see a correlation between the Mg content (Ak content) of the melilites with either the Ti or V concentrations of adjacent spinel inclusions. In contrast, if the edge spinels cocrystallized with melilite, a correlation might be expected, and within the edge grains alone, none is observed. Another possible type of relic grain is direct nebular condensates that were preserved during melting and/or crystallization. Figure 14 compares the (Fe,Cr) compositional fields of our analyzed spinels to the calculated Fe and Cr concentration of MgA1204 spinel grains condensing from a gas of solar and lOOx solar composition (Ebel and Grossman, pers. comm., 1998) . None of our data are near the predicted condensate compositions. Therefore, based on these calculations only, it is unlikely that any of the analyzed spinels from Allende TS-23 or Leoville 3537-2 are nebula condensates that were either part of the inclusions' precursors or introduced into them while they were molten.
(e) Secondary Partial Remelting Event-The compositional correlation of spinel grains with host phases can be explained by a secondary partial remelting event that occurred after the primary melting and crystallization but before incorporation into the parent bodies. In this model, edge grains are best understood as relics (but see below). The lowest Ti and V concentrations, dominated by spinels from the center area, are explained by fractional crystallization, but this can account only for grains with a maximum of -1500 ppm Ti. Spinel grains with the highest Ti concentrations from the middle areas are primarily inclusions within fassaite and are the most difficult to explain. However, if this secondary event melted pyroxene in greater proportions to spinel and melilite, a liquid locally rich in Ti would result. Assuming that spinels would crystallize from this secondary liquid, these spinels would be richer in Ti (and V (x) and lOOx solar (+) composition (Ebel and Grossman, pers. comm.) . None of the analyzed spinels plot near the predicted condensate values, which suggests that they are not condensates.
regions that were rich in melilite would probably recrystallize the spinel and melilite, producing intermediate Ti concentrations for spinel inclusions in melilite between that of the first crystallized spinels and the Ti-rich grains produced by the secondary melting in fassaite-rich regions. It may be somewhat fortuitous that the middle region melilite inclusions appear to lie near the extension of the trend on Fig. 6b by the center grains. Remelting must be postulated for both inclusions, although proportionally fewer spinels in Allende TS-23 appear to have been affected. If it did occur, partial remelting appears not to be a special event in the history ofjust one object.
It is also possible that both the edge spinels and the remelting event postulated above to explain the Ti-rich spinels within fassaite might have been the result of the Wark-Lovering rim formation event. The popular model for Wark-Lovering rim formation has CAls experiencing some type of rapid (flash) heating event that was intense enough to only melt at most the outer l 0 0 p m (e.g., Murrell and Burnett, 1987; Wark, 1997) . Preferential evaporation of Si and Mg would enrich the residual surface melt in more refractory elements, although what scant data exist for Si and Mg isotopes suggests that little evaporation occurred. The low Cr in Allende TS-23 edge spinels might be due to this evaporation process. Amounts of Cr loss could vary with location, with fewer (but not all; see Figs. 9a and 10a) spinel grains from Leoville 3537-2 showing Cr loss. Upon cooling, perovskite and Wark-Lovering rim spinel crystallization would produce liquids relatively depleted in Ti but enriched in V. Spinels cocrystallizing with melilite from this evolved liquid could be rich in V and relatively high in Ti.
CONCLUSIONS
We have shown that by correlating minor element chemistry with their petrologic context, spinels in type B CAls form interesting trends. Titanium and V are positively correlated, their overall concentrations defining four populations of grains: (I) those contained within the edge area (largely mantle melilite), (2) those contained with melilite, (3) those contained within fassaite, and (4) spinels within anorthite. It is unlikely that the overall range in Ti concentrations can be explained by a simple, one-stage melting model of CAI formation. The model with the fewest difficulties involves at least one additional melting event (possibly two) postdating the initial melting of the precursor grains. This model can explain the large range in Ti concentrations and the observed populations of spinels.
Our data also shows that Allende TS-23 spinels have experienced considerably more alteration than Leoville 3537-2, which is consistent with the overall petrology of the objects. Thus spinels are also markers for CAI alteration, recording the process(es) as increases in Fe concentrations and possibly decreases in Cr. The overall lack of Cr and Fe in Allende TS-23 suggests at least two episodes of alteration.
Although we can, in theory, account for spinels rich in Ti through additional melting events, it is difficult to explain the V-rich edge grain in the context of all other spinels. Therefore, it is possible that such grains could be relic in the sense of existing prior to the initial melting event. It is also possible that the V-rich edge grains are products from Wark-Lovering rim formation, although they are not obviously in the rim itself. The inability of this study to identify conclusively true relic grains might mean that either (a) type B CAI, unlike many chondrules, did not experience an epoch of fragmentation followed by reaccretion and subsequent melting, or (b) they may have been reprocessed (by multiple heating events?) so that any original precursor grains have simply been erased.
